The variability and predictability of axisymmetric hurricanes is determined from a 500-day 5 numerical simulation of a tropical cyclone in statistical equilibrium. By design, the solution 6 is independent of the initial conditions and environmental variability, which isolates the 7 "intrinsic" axisymmetric hurricane variability.
Introduction

24
Forecasts of tropical cyclone position have steadily improved in the past decade (e.g., grid is 1500 km in radius and 25 km in height, with 2 km horizontal resolution and 250 m with bursts of stronger wind lasting for a few days. This behavior is more apparent in Figure   128 1 (right panel), which also shows that, in many cases, these bursts of stronger wind originate 129 1 A coding error involving the microphysics scheme was discovered in the version of the model used here.
Subsequent tests with the next version of the model (r15) yielded results quantitatively similar to those shown here.
The single-step model provides an approximate fit of the observed spectrum for periods 142 shorter than about 12 hours, except for the peak near three hours, which suggests that the 143 peak is distinct from persistence forced by white noise. The e-folding-time AR(1) model
144
provides an approximate fit of the observed spectrum for periods longer than about one day,
145
except for the peak near 4-8 days, which suggest this peak is also distinct from persistence 146 forced by white noise.
147
The leading empirical orthogonal functions (EOFs) of the azimuthal wind field at the 148 lowest model level reveal two patterns that dominate the variance in this field (Fig. 3 ).
149
The leading pattern, which accounts for 40% of the variance, crosses zero near the radius 150 of maximum wind, and therefore suggests a radial shift of the radius of maximum wind.
151
The dipole structure of this EOF is asymmetric in radius, indicating that the response in 152 the azimuthal wind is largest inside the radius of maximum wind, where the radial gradient 153 in the time-mean field is largest. The second pattern, which explains 27% of the variance,
154
is largest near the radius of maximum wind, which suggests that this pattern is linked to 155 intensity change at the radius of maximum wind. the mean, consistent with the interpretation suggested previously (Fig. 4 , bottom panel).
174
The radius of maximum wind is diffuse, but displaced toward larger radius in the negative 175 sample, consistent with the weak negative correlation described for the entire PC time series; 176 the positive example exhibits little shift (Table 1) .
177
The temporal evolution of variability associated with the leading two EOFs is described 178 through lag regression of the azimuthal wind onto the PC time series. Results for PC-1 179 indicate that this structure is linked to inward propagating bands of weaker and stronger 180 wind that originate more than 100 km from the storm center (Fig. 5) ; results for PC-2 181 are qualitatively similar (not shown). These bands travel radially inward at approximately 182 1-2 m s −1 until they reach about 50 km from the storm center, at which point they slow 183 substantially to less than 0.5 m s −1 . This pattern also appears for regression of the azimuthal 184 wind onto the wind speed at the radius of maximum wind, and is also evident in Figure 1 .
185
Note that the dominant timescale of ∼6 days is also apparent in the regression field.
186
Lag regression of the azimuthal wind at locations outside the storm provides a link 187 between variability in the environment and near the storm. In the environment near the 188 storm, at a radius of 100 km, bands of stronger wind 2 clearly propagate inward all the way 189 to the eyewall ( radius of 400 km (Fig. 6 , bottom panel).
192
The vertical structure of the bands at these locations is determined by regressing the layer of anomalously large mixing ratio and an overturning vertical circulation (Fig. 7a) . Although by linearity this discussion applies to either sign, we discuss only the positive case.
km altitude outside the band. Results for the regression onto lowest-model-level azimuthal
210
wind at a radius of 600 km reveal a similar vertical structure (Fig. 7c,d suggestive of a convective band with trailing stratiform precipitation (Fig. 7c) . A further 214 distinction from the results at a radius of 100 km is that the positive anomalous azimuthal 215 wind is more vertically aligned with two distinct maxima: one at the surface and another at 216 6 km altitude (Fig. 7d) .
217
Another perspective on storm variability is provided by the time series of the radius of shortly after the radius of maximum wind jumps to larger radius ( Fig. 9 , bottom panel).
228
The maximum wind rapidly increases after reaching the minimum, returning after about behavior is consistent with the average eyewall replacement cycle period of around 4-8 days.
241
The autocorrelation e-folding time reaches a maximum inside the eye around 33 h, with a general, the linear model can be written
where x is the state vector of model variables and L is a taken here as a constant matrix 253 that defines the system dynamics. The solution of (1) over the time interval t : t + τ is
where M(t, t + τ ) = e L τ is the propagator matrix that maps the initial condition x(t) into 255 the solution vector x(t + τ ). The propagator is determined empirically from the equilibrium 256 solution using the least-squares estimate
Superscript "T" denotes a transpose, and braces denote an expectation, which is estimated 258 by an average over a "training" sample consisting of 500 randomly chosen times out of a 
where x T (t + τ ) is the projection of the true state onto the EOF basis. For each variable, at in cloud water mixing ratio, with error saturation at 15 hours (Fig. 11d) . Error growth in 278 radial wind is similar for the first 6 hours, and then becomes much slower, reaching saturation 279 around 36 hours (Fig. 11a) . The slowest error growth is observed in the azimuthal wind field, 280 which grows linearly for the first 18 hours, and then slowly approaches the saturation value 281 around 48 hours (Fig. 11b) . A similar behavior is observed in the potential temperature 282 field, but the initial growth is larger in θ (Fig. 11c) . The summary interpretation of these 283 results is that convective motions are most strongly evident in the cloud water and radial 284 wind fields, and these fields lose predictability the fastest, whereas the slow response is in the 285 azimuthal wind field, which responds through the secondary circulation. is similar (Fig. 12) . The analog results lack an error estimate, but it appears that the 299 predictability limit may be longer, by perhaps 12 hours, than in the linear inverse model.
300
In order to put these results in context, operational forecast errors from the National
301
Hurricane Center (NHC) are provided for comparison (Fig. 13) 
The initial-time inner product, , t , is defined by the probability density function for the 316 initial errors, p[x(t)], which we take to be Gaussian with mean zero and covariance matrix,
This relationship implies that the "size" of initial disturbances is determined by the covari-
319
ance matrix for the initial errors, so that disturbances of equal size have equal probability.
320
Making the substitution 321 x(t) = Ex(t),
where E is a symmetric matrix that is a square root of B (i.e., B = EE), (5) becomes
Here we have assumed that the initial disturbances have equal probability. The eigenvector 323 of EM T ME having the largest eigenvalue gives the initial disturbance that evolves into 324 the leading eigenvector of the forecast error covariance matrix; that is, the structure that 325 dominates the forecast error (Ehrendorfer and Tribbia 1997). For these calculations, the 326 leading forecast-error EOF accounts for 20% of forecast-error variance. We calculate the 327 leading eigenvector for a forecast lead time of 24 hours, and use as a proxy for B the 3-hour 328 forecast-error covariance; the "true" analysis-error covariance matrix requires an assimilation 329 system, and depends on observations, which is beyond the scope of the current paper.
330
For brevity, results are summarized for only the azimuthal wind, which shows an initial 331 structure with largest amplitude outside the storm, near 125 km radius and 5 km altitude 332 (Fig. 14a) . A second region of enhanced azimuthal wind is found just outside the radius 333 of maximum wind above the surface. This second region grows rapidly in time from about 334 1 m s −1 to more that 24 m s −1 by 24 hours (Fig. 14b-d) for the (arbitrary) amplitude 335 assigned to the initial condition. Further experimentation shows that the solution at 24 h is 336 due mostly to the initial structure of v and θ (not shown). 
Summary and Conclusions
338
We have defined intrinsic variability of tropical cyclones as the structure and intensity by the ratio of a band-circulation length scale to the band speed,
Based upon the regression calculation shown in Fig. 7 , subsidence extends about 400 km Table 1 . Correlation between the first two EOF principle component time series and the maximum wind speed ("max speed") and radius of maximum speed ("RMW"). 
